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RESEARCHMZM3RANDUM

ANDTEMPERATUREFIELJMIN CIRCULARJETEXPANDING

FROMCHOKEDNOZZLEINTOQUIESCENTAIR
.

MorrisD. RoussoandFredD.Kochendorfer

SUMMARY

A studyto determinegrossspreadingcharacteristicsof jets
=cp=di- fromchokedconvergentandconvergent-tivergentnozzleshas
beenmadeby meansoftotal-pressureandtotal-temperaturesurveys.
Thesurveysweremadeinthe.regionfromthenozzleexitto a sta-
tion6 nozzle&Lametersdownstreamfornozzlepressureratiosfrom
2.5to16.0. .

A comparisonof a subsonicjetwitha jetissuingfroma choked
convergentnozzleata nozzlepressureratioonlyslightlygreater
thanthecriticalshowedcloseageeementbetweencorrespondingMach
numberandcorres~ndingtemperatureprofilesnearthenozzleexit.
Fartherdownstream,however,theagreementwasnotsogood.Although.
thequalitativeeffectof furtherincreasingthenozzlepressureratio
wastowidenthejet,thepressureandtemperatureprofilesinthesub-

* sonicmixingregionweresimilarto thoseofa subsonicjet. The
effectsof jetexpansionwereeliminatedby referencingalljet
dimensions(jetdiameteranddistancedownstream)to thediameter
ofthecontourfor M/Mj= 0.5. Theresultsof thiscorrelation
indicatedthatthemixingprocessforjetsexpandingfromeither
convergentor convergent-divergentnozzlesovera rangeofpressure
ratioswasrelativelyindependentof thejetMachnumber.

Inordertoascertaintheutilityof theresultsforotherthan
theconditionsinvestigated,theeffectsof jettemperature,Reynolds
number,andhumidityon thepressureandtemperaturedistributions
werebrieflyinvestigated.Theresultsindicatedthatthedownstream
Machnumberprofilesfora heatedjetareslightlynarrowerthanthose
foranunheatedjetwhereasthedownstreamtemperatureprofileswere
unaffectedby nozzletemperaturechangeandthattheeffectsof
Reynoldsnumberandhumidityon jetspreadingarenegligible.

.

. INTRODUCTION

‘e’eas‘Ubsonic‘e’‘Wsb%%-%onlya lmi.tedamountofwo

.

studiedinthepast,
thefieldof supersonic
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jetflow.An experimental-investigationwithan interferometerof the
turbulentmixingofa freesupersonicjetoperatedwithno transverse

.-

pressuregradientIsreportedinreference1. Inthisinvestigation <
itwasfoundthatthevelocityprofilecharacteristicsinthemixing
regionareverysimilarto thoseofa subsonicjet. Otherstutiesare
devotedto experimentalandtheoreticalanalysesofthealternate
expansionsandcontractionsin supersonicjetsissuingfromunder-
expandednozzles(references2 to4). Theseinvestigationsofthe
periodicstructtie,however,neglectmixingat thejetboundaryand

=

donotpermitthepredictionof temperatureandpressurefieldsin
supersonicviscousjets.A moredetailedstudyofthefirstperiod

—

ofa supersonicjettakingintoaccounttheeffectsofmixingwascon-
ductedby Ladenburg,VanVoorhis,andWinckler(reference5)by means
of interferometer,shadowgraph,andschlierentechniques.Theinter-
ferogramswereusedto computedensityvariations,andthecorrespmd-
ingvariationsinMachnumber,pressure,andtemperaturewerecomputed
withtheassumptionof isentropicflow.A comparisonof theseinter-
ferometerresultswithprobeshadowgramsiudicatesgoodagreement

—

betweenMachnumberscomputedby meansofbothtechniquesup to
3/4diameterdownstreamofthenozzleexit.

Althoughthefirstsectionof thejetwithin1 diameterofthe“
nozzleexitmaybe amenabletoanalysisby potential-flowtheory,the

.-

remainderoftheJetoffersno immediatepromiseofanalybi.caltreat-
. mentandremainsrelativelyunexplored.Accordingly,a simpleinves-
tigationby meansof total-pressureandtemperatureprobesto determine .
thegrossspreadingcharacteristicsof suchjetswasconsideredtobe
ofvalue.Amongtheobviousapplicationsof suchinformationisthe

——.—
preventionofadverseheatingandbuffetingfromjetslocatedin close n“

proximitytoaircraftsurfaces.

Investigationsareconsequentlybeingconductedat theNACALewis
laboratoryto studythespreadingcharacteristicsof jets.onephase
ofthisprogramwasconcernedwithtotal-temperatureprofilesfortwin
jets.Anotherphaseconsistedoftotal-pressuresurveysoftwinand
singlejets.A thirdphase,theresultsofwhicharepresentedherein,
consistedof total-temperatureandtotal-pressuresurveysof single
Jetsexpandingfromconvergentnozzles,andtotal-pressuresurveysof
a Jet-anding froma convergent-divergentnozzle.

—

—

Theparametersvariedinthisinvestigationincludednozzlepres-
sureratioandtheratioofthenozzle-inlettemperatureto theambient
temperature.A limitedstudywasmadeof theeffectsofReynolds
numberandhumidityon jetspreading.

—
Portionsofthepresentdata

havebeensubsequentlyreportedbutareincludedhereinforconsistency .
andcompleteness.

--a

.
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SYM60LS

Thefollowfngsymbolsareusedinthisreprt:

%/MJ . 0*5 diameterof contouxforwhich M/MJ= 0.5

De= 0.5 diameterof contourforwhich 8 = 0.5

P

P

R

M Machnuniber

theoreticaljet

totalpressure

staticpressure

ratioofradial
diameter

Y

z

Y

e

Subscripts:

o

P

r

Machnuniber,
‘3 =

.

distancefromjetcenterUne tonozzle

totaltemperature

ratioof verticaldistanceof eachtubefromjetcenter
linetonozzlediameter(seefig.1)

ratioof lateraldistanceofrakefromjetcenterline
tonozzlediameter(seefig.1)

ratioof axialdistsacedownstreamofnozzleexitto
nozzlediameter

ratioof specificheats

dimensionlesstemperature

ambient

nozzleinlet

rake

T-T!()ratio, —
TP-TO
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APPARATUSANDPROCEDURE

Theapparatus,schematicallyshowninfigure1, consistedofa
primarychamberwithremovableconvergentandconvergent-divergent
axiallysymmetricnozzlesthatdischargedintaa low-pressurereceiver.
Forthepressuresurveys,a receiverhavinga crosssectionof 9 by
10 incheswasusedandfortemperaturesurveysa circularreceiver
2 feetindismeterwasused. Nozzledimensionsaregivenin fig-
urel(b).

Theinletto theprimarychambercould--beopenedtothe
atmosphereor connectedto eitherthelaboratorycompressed-airor
dry-airsystems.Thetotalpressureatthenozzleinlet ‘P was .
measuredby fourtotal-pressuretubesintheprimarychamberand
thereceiverstaticpressurewasmeasuredlystaticorificesinthe
receiverwall. Thereceiverwasconnectedto thelaboratoryexhauster
system,andanypressurebetweenatmosphericand1.8inchesofmercury
absolutecouldbe obtainedby throttling,thusprovidingtherangeof
pressureratiosdesiredwiththepressureat theinletto theprimary
chamberbeingatmospheric.

.

y-

—
.

Propanewasmixedwiththeincomingatmosphericairandburned
upstreamof theprimarychamberforthehot-jetstudies.

.
Thenozzle-

inlettemperaturewas950°F forthehotpressuresurveysand525°F
—

forthetemperaturesurveys.
—

Thevaluesof y forthesetwotempera-
tureswere1.35and1.37,respectively.Pressuresandtemperaturesin .—
thejetweremeasuredby traversingrakeshavingeither23total-head
tubesor 23iron-constantanthermocouples.Thethermocouplesusedin
theexperimentswereoftheshieldedtype(seefig.l(c))withaspira-

#-

tingholesinthewallsoftheshield.Previousresultswiththistype
of thermocouplehavegivenrecoveriesof0.99insupersonicflowandit
wasthereforefeltthatthereatingsobtainedwerecloseto thetrue
totaltemperaturewithintheaccuracyof themeasuringtechnique.

Thepitottubesandthethermocoupleswerealinedparallelto the
nozzleaxis.Lateralsurveysweremadefora rangeofnozzlepressure
ratiosat1, 2,4,and6 exittiametersdownstreamofthenozzle.For
thepressuredatathereadingsobtainedwithmultiplemercurymanom-
eterswereaccuratewithinfO.02inchandforthetemperaturedatathe
thermocouplereadingswereaccuratewithin& F.

FortheReynoldsnumberinvestigation,theprimarychamberwas
connectedto thelaboratorycompressed-airsystem.inwhichairwas
availableatpressuresup to 115poundspersquareinchabsoluteand
forthehumidityinvestigationtheprimarychamberwasconnectedto .
thelaboratorydry-airsystem.

.

%——=-=-
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. DEFINITIONOF JETBOUNDARY

Becausethevelocityintheouterfringeof thejetapproaches
zeroasymptotically,thejetboundaryisarbitrarilydefinedas the
locusofpints forwhichtheMachnumberratioM/Mj attainsa
valueof0.11,where M istheMachnunberatanypointinthejet
fringeand Mj isthehypotheticaljetMachnumbercorrespondingto
isentropicexpansionfrom ‘P to po.

For
thatthe
canalso
equalto

thesubsonicboundaryregionsofthejet,it canbe assumed
pressuremeasuredlytherakeisthetruetotalpressure.It
be assumedthatthestaticpressureintheboundaryregionis
thereceiverpressurePO. Thevalueof therake-pressure

ratioforpointsneartheboundaryisthengivenby

1J_y-l
(1)

2

Theratio pO/Pr isplottedinfigure2 as a functionof ‘p/po ‘or
severalvaluesof M/Mj andfor T= 1.40. Thevaluesof M/Mj
givenin equation(1)losesignifi.canaeinregionsofthejetwhere
PO/pr is lessthan0.53,becauseintheseregionsthestaticpres-
sureisnotnecessarilyeamalto theambientpressureandthepitot-
pressurereadingsaresubjectto shocklosses.Forthisreason,only
thesubsonicportionof thejet is consideredfortheMachnumber
,profiles.

Foreachpositionof therake,thelocationof thepointfor
which M/Mj equalsO.11wasobtainedbyplottingthevalueof po/Pr
foreachpitottubeasa functionof tubePositton X. As an example,
infigure3 thevalueof po/Pr isplottedas a functionof tubeposi-
tion X fora nozzlepressureratioof 16. Because,atthisnozzle
pressureratiotheval~eof ~/pr for M/Mj= O-11 is0s950
(fig.2),thevalueof X correspondingto ‘M/Mj=
nozzle-exitdiameters.

Thedataobtainedfromthetemperaturesurveys
T-To

theformof thedimensionlessratio e = — .Tp-TO

0.11 is1.50

arepresentedin
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RESULTSANDDISCUSSION

PressuxeSurvey6

Thedataobtainedfromthetntal-pressuresurveysof a set
expandingfroma convergentnozzlewillbe discussedin two&tsj
thefirstpartis concernedwith’anunheatedjet,andthesecond
partconsidersa heatedjet.

Unheatedjets.- Theboundariesofanunheatedjetexpanding
froma convergentnozzleas determinedfrompressuresurveysare
giveninfigure4 foranaxialstation1 nozzlediameterdownstream
of thenozzleexit(Z= 1)fora rangeofnozzlepressureratios.
Theboundarieswereobtainedbycross-plottingthepointson the
rake-surveypressuredistributionsforwhich M/Mjx 0.11. Theboun-
dariessodefinedareadequatelyrepresentedby circlesthatarecon-
centricwiththenozzleand,consequently,a singleradiuscanbe
usedtodefineeachboundary.Inthesamemanner,a singleradius
wasfoundtodefineeachboundaryas determinedfromthetemperate
surveys.

ValuesfortheraUi of thejetpressureboundariesweredeter-
minedina similarmeanerfordownstreamstationsof 2,4, and
6 diametersandthefairedresultsaresummarizedinfigure5. The
boundariesaregivenasfunctionsoftheaxialdistancefromthe
nozzleexitforseveralvaluesofnozzlepressureratio pp/P()●

Increasingthepressureratioresultsinan increasedrateof expan-
sionimmediatelydownstreamof thenozzle,as expected.Following
theinitialrapidexpansion,therateofgrowthof”thejetradius
decreasedandappearedtovaryonlyslightlywithdistancedownstream.
(Inthisdiscussion,allnozzlepressureratiosforwhichthestatic
pressureinthenozzle-exitplaneisgreaterthanthesmibientpres-
surearedefinedas overpressureratios.)

In orderto showthecorrespmdencebetweenthejetboundary
arbitrarilydefinedby theMachnumberratio(3.11andthejetvisible
ina schlierenphotograph,pnintsobtainedfromthepressuresurveys
atnozzlepressureratiosof 2.5and16.0havebeensuperim~sedon
thecorrespondingphotographsinfigure6. Theboundary,visiblein
theschlierenphotographs,isin closeagreementwiththeboundary
determinedby thepressuresurvey,althoughasthemixingregion
thickenstheboundarybecomeslessclearlydefinedinthephotographs.

Machnumberprofilesdeterminedfromthepressuresurveysare
given-infigure7 foranunheatedjetat severalaxialstationsand
fora rangeofnozzlepressureratios.Thejetforwhichthedata
arepresentedinfigwre7 isexpandingfroma convergentnozzle.h
additiontothecurvesforjetsatoverpressureratios(Pp/~>1.89),
thevelocityprofilesarepresentedfora subsonicjet(reference6)

r

.—

.—

-—

.

—

c

.

.
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havinga nozzle-exitvelocityof 283feetpersecond(pp/Po= 1.04).
At downstreamstationsof 1 and2 diameters(figs.7(a)and7[b))~
thevelocityprofilesforthesubsonicjetwerenearlythesameas
thoseforthejetata nozzlepressureratioof 2.5. At 4 and
6 diameters(figs.7(e)and7(d))however,theagreementisnot
SO good.

Thespreadingcharacteristicsofoverpressurejetsdependon
boththeexpansionthatoccursas thejetleavesthenozzleandthe
mixingthatoccursas thejetreactswiththesurroundingfluid.If
mixingeffectsareindependentof thejetvelocity,itshouldbe
possibleto correlatetheprofilesfordifferentpressureratios
(thatis,differentjetvelocities)iftheef’fectsof jetexpansion
canbe eliminated.A pssiblemethodforeliminatingexpansioneffects -
is toreferalllengthsto somelengththatislmowntodependon
expansioneffects,suchasthediameterofthecontourfor M/Mj= 0.5.
Sucha methodof correlationhasbeenappliedtotheprofilesoffig-
ure7 andtheresultsarepresentedinfigure8. Thelackof depend-
enceof themixingregionvelocityprofileupontheabsolutevalue
ofthevelocity,as evidencedby thecorrectionofthecorrected
datapointsinfigure8 andwhichisknownto existfora mibsonic
jet,appearsto be alsovalidforsupersonicjets.

(AlthoughthelimitingMachnuniberratiointhesubsonicregion
fora jetoperatedata pressureratioof16.0is0.41(seefig.2)
theprofilesof figure7 wereextrapolatedtoa valueof M/Mj= 0.50

inorderto performtheprecedingcorrelation.]

Schlierenphotographsofa jetexpandingfroma convergent
nozzleat severalpressmeratiosarepresentedin figure9. A line
correspmlingto thePmndtl-Meyerexpansionangleisdrawnfromthe
edgeofthenozzleforeachpressureratio.Theagreementbetween
theseconstructedanglesandtheexpansionangleof thejetvisible
in theschlierenphotographsindicatesthatneartheexitthejet
e.mandsaccordlQ3to therulesofwtential-flowtheory.

Heatedjets.- A comparisonbetweentheMachnuniberprofilesfor “
unheatedandheatedjetsovera rangeofnozzle-pressureratiosis
giveninfigure10. In general,thetrendsobservedwiththeheated
jetaresimilarto thosewiththeunheatedjet. Theheated-jetpro-
files,thoughsmallerthantheprofilesforanunheatedjetnearthe
nozzleexitapproachtheunheated-jetprofilesfartherdownstre=}
particularlyat 6 diameters{fig.10(d)).TheseMachnumberprofiles
fortheheatedjetswerecorrelatedbythemethodpreviouslyoutlined
(fig.8)toeliminatetheeffectsof expansion.Theresultsof the
correlation,giveninfigurelljindicatefairagreementamongthe
correlatedcontoursfortheheatedjetovertherangeofpressure
ratiosinvestigated.
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Reynoldsnumberandcondensationeffects.- Inorderto extend
theutilityof thejet-boundarycharts,a limitedstudywasmadeof
theeffectsof jetReynoldsnumberandhumidityon jetspreading.If
theflowinthejetmixingregionisturbulent,theeffectof Reynolds
numberon theMachnumberprofileandon-theresultingjetboundary
shouldbe small.Inorderto determinethemagnitudeofthiseffect,
thepressureat theinletPp wasvariedandtheratio Pp/pO was

heldconstant.TheReynoldsnumberof thefluidinthemi~ingregion
canalsobe variedby varyingthenozzle-inlettemperature,theratio
ofthenozzle-inlettemperatureto theambienttemperature,or the
nozzlepressureratio.However,becausea changeinanyofthese
variablescausesa changeinthejetboundarj“thatmaymaskanychange
thatmightresultfromthecorrespondingchangeintheReynolds
number,theeffectofReynoldsnumberaloneclihbestbe studiedby
varyingthenozzle-inletpressureandholding”%heothervariables
fixed.Inthiscase,theReynoldsnumbercm-bedefinedby thestag-
nationdensityatthenozzleinlet,thevelocityandtheviscosityat
thenozzlethroat)andthenozzle-throatdiameter.Changingthe
Reynoldsnumberfrom290,000to 1,340,000hadnoappreciableeffect
on thetotal-pressuredistribution(fig.12)andhenceon thejet
boundary.Therangeinvestigatedcoversthe,Reynoldsnumberstobe
expectedin”flight.

Theinfluenceofmoisturecontentintheairsupplywasinvesti-
gatedbyvaryingthedewpointfrom-200F to+35°F. As indicated
by thedataoffigure12,themoisturelevelhada negligibleinflu-
enceonthetotal-pressuredistribution.

TemperatureSurveys

Temperatureprofilesofa heatedjetexpmdingfroma convergent
nozzlearepresentedinfigure13 fora rangeofpressureratios.
Thesolidlinesaretheprofilesfora jetissuingatoverpressure
ratiosandthedashedlinesaretheprofilesfora subsnnicjet
issuingat a velocityof 67.2feetpersecondanda maximumtempera-
turedifferenceof about240F, asdeterminedfromthedataof refer-
ence7. Theprofilesforthesubsonicjetarepearlythesameas
thoseforthejetoperatedat a pressureratioof 2.5. Thetempera-
tureprofilesforthehigherpressureratiosbehaveinthesame
mannerastheMachnumberprofiles,thatis,theeffectof increasing
pressureratioistowidenthejet,withtheprofilesforallpres-
sureratiosremainingsimilarinthesubsonicmixingregion.

Thedataoffigure13werecorrectedto eliminatetheeffects
of jetexpansioninthesamemanneras inthecaseof theMach
nmber profiles(seefig.8)jthatis,the0.10,0.20,and0.30
temperaturelineswerereferencedtothe0.5temperaturecontour.
Althoughthecorrelationshowninfigure14wasnotsogoodas that

.

c-
—

—

—

——

4-—

.
—

.

.

. —



2
.

.

.

-+-

NACARME.51F18 G& 9

obtainedwiththepressuredata,thesanetrendwasobservedinsofar
asthemixingprocessseemedtobe relativelyindependentof thejet
Machnumber.

Temperaturedistributionsarepresentedinfigure15 fora jet
withthethermocouplerakeinan arbitrarypositionfornozzle-inlet
temperaturesof8600,6230,and2460F. Theagreementforthevarious
temperaturesisa fairindicationthatnozzle-inlettemperaturehad
littleeffecton thetemperatureprofiles.Itwouldthusappearthat
thetemperaturemofilesof thisreportmaybe consideredtoholdfor
somewhathighertemperaturesthantherangecovered.

Convergent-DivergentNozzles

Theresultsthathavebeendiscussedthusfarconcernjets
issuingfromconvergentnozzles.Forengineeringpurposes,it
wouldbe usefulta determine,if’possible,a relationbetweenthe
spreadingof suchjetsandthespreadingof jetsissuingfrom
convergent-divergentnozzles.Inorderto determinewhat,ifany,
relationexistsbetweenjetsissuingwithoverpressurefromconver-
gentandconvergent-divergentnozzles,pressuresurveysweremade
ofa heatedjete-ding froma convergent-divergentnozzlehaving
a designexitpressureratioof4.60. Theresultsofthisinvesti-
gationaregiveninfigure16togetherwiththeresultsobtainedwith
a jetexpandingfroma convergentnozzleandhavingthesamedegree
ofoverpressure.(Thedegreeofoverpressureisdefinedasthe
ratioofnozzle-exitstaticpressuretoambientpressure.)It is
seenthatforthesamedegreeof overpressurethejetissuingfromthe
convergent-divergentnozzleis slightlylargerflThisistobe expected
becauseforthessmedegreeofoverpressure,thetheoreticalnonviscous
boundaryforthejetissuingfromtheconvergent-divergentnozzleis
largerthanthatfortheconvergentnozzle.Thisdifferencein jet
sizeisalsoevidentintheschlierenphotographsof figure17,in
whicha comparisonismadebetweenjetsexpandingfromconvergentand
convergent-divergentnozzles. .

An eliminationof theexpam!ioneffectscorrelatedthedata
(fig.18)sothatthepointsforthecorrectedvaluesofthejet
issuingfromtheconvergent-divergentnozzlefallveryclosetothe
fairedcurvesobtainedwiththejetexpandingfromtheconvergent
nozzle.Thus,itisevidentnotonlythatthemixingprocessis
relativelyindependentofthejetMachnl~mberbutalsoof thetype
ofnozzlefromwhichthejetisdischarged.

Ithasalreadybeenshown(fig.9)thattheboundaryofa jet
emergingfroma chokedconvergentnozzlemaybe adequatelyrepresented
nearthenozzleexitby a straightlinecorrespondingtothePrandtl-
Meyerexpansionangleforanygivenpressureratio.Inorderto deter-
minewhethersometheoreticalpredictionof thejetboundarycouldbe

—
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.
schlierenphotographs
nozzle,thetheoretical

nonviscous-boun&yofanaxiallysymmetricjetwascomputedby the
methodof characteristics.Thisboundary,computedfora jetissuing
froma nozzledesignedfora pressureratioof 4.6andoperatingat a
pressureratioof11.2,is superimposedona schlierenphotographof
thesamejetinfigure17. Thecomputedboundaryfallswithinthat
visibleintheschl.ieren,thedifferencebetweenthetwoarisingfrom
mixing,whichwasnotaccountedforinthetheoreticalcomputation.

ThisdifferenceisagainevidentInfigure19wherethetheo-
reticalnonviscousboundaryfora jetexpandingfroma convergent-
divergentnozzleis comparedwiththe M/Mj= O.11 contourdetermined
by thetotal-pressuresurv~ys.Thedashedportionof thetheoretical
curveisa straight-lineextensionofthetheoreticalboundaryat its
maximumdiameter.Inan efforttopredicta boundarythatwouldagree
withthatobservedexperimentally,anestimatedboundarywasdetermined
by addingthespreadingofa subsonicjetto thetheoreticalboundary
of thesupersonicjet. Althoughtheagreementbetweenthehypothetical
boundaryandtheboundaryexperimentallyobservedappearstobe poor
(fig.19),thedifferencebetweenthetwoboundariesneverexceeds
15percent.Thusitwouldappearthatfore~”ineeringpurposes,the
methodPreviouslyoutlinedforpredictingthejetboundaryisadequate
inasmuchas thepredictedboundary3.sconservativewhencomparedwith
theexperimentalJetboundary.

SUMMARYOFRESULTS

Frommeasurementsofthetotal-headandtemperaturefieldsina
circularjetoperatedat overpressureratios,thefollowingresulte
wereobtained:

1. Theeffectofnozzlepressureratioon jetspreadingwas
.Significant.Increasingthepressureratioresultedinincreased
expansionImmediatelydownstreamof thenozzleinaccordancewith
potentialtheory.Followingtheinitialrapidexp&hsion,therate
of growthof thejetdecreasedandappearedtovaryonlyslightly
withaxialdistance.

2. Fora jetissuing,froma convergentnozzleat a pressure
ratioslightlyabovecritical,bothMachnumberandtemperaturepro-
fileswerenearlyidenticalto,thevelocityandtemperatureprofiles
forsubsonicjetsissuingatanyvelocity.Increasingthepressure
ratiobeyond2.5resultedina widerjet,becauseoftheincreased
expansionof thejetleavingthenozzle.

3. Eliminationof theexpansioneffectsby
profilesin themixingregiontotheMachnumber

--

——.

—

—
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contourindicatedthatthemixingprocessforjetsissuingfromboth
convergentandconvergent-divergentnozzleswasrelativelyinde-
pendentof thejetMachnumber. .

4. TheeffectofReynoldsnumberintherangefrom290,000
to1,340,000on jetspreadingwasnegligible.

5. Thepresenceofmoistureintheairhadno effecton jet
spreadingfortherangeinvestigated.

6. Thetemperaturedistributionsobtainedwitha jethaving
nozzle-inlettemperaturesof8600,623°,and246°F werenearly
identical.TheMachnumberprofilesfora heatedjet,however,
differedslightlyfromthoseforanunheatedjet. Theheatedjet
wassomewhatsmallerthantheunheatedjet,butatanaxialstation
of 6 diameters,bothheatedandunheatedjetprofileswerenearly
thesame.

7. Thewidthof a jetemergingfroma convergent-divergent
nozzlewasgreaterthanthatfora convergentnozzleoperatingat
a correspondingoverpressureratiobecauseofthelargerptentfal
coreexistinginthejetissuingfromtheconvergent-divergent
nozzle.

8. Thehypotheticalboundaryobtainedbyaddingsubsonic
spreadingtothetheoreticalnonviscousboundaryofa jetexpanding
froma convergent-divergentnozzle,althoughnotin goodagreement
withtheboundaryactiwllyobserved,neverexceedstheobserved
boundaryby moreWan 15percent.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Clevelamd,Ohio,February27,1951.
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